The solid-phase thermal and catalytic hydrosilylation of N-vinyl-2-pyrrolidone on the surface of hydride silicas has been studied. It was established that thermal polymerization of N-vinyl-2-pyrrolidone occurs as a side reaction during the thermal hydrosilylation of N-vinyl-2-pyrrolidone. It has also been found that the interaction of silicon hydride groups with water and propan-2-ol, as well as the formation of metallic platinum occur as side reactions during the catalytic hydrosilylation of N-vinyl-2-pyrrolidone on the surface of hydride silicas. Thermal hydrosilylation of N-vinyl-2-pyrrolidone in the absence of a catalyst and solvent is much preferred for the chemical bonding of N-vinyl-2-pyrrolidone in the surface layer of hydride silicas.
INTRODUCTION
Polyvinylpyrrolidone (PVP) is applied widely in medicine as a blood-replaceable solution for the detoxification of organisms and thereby as a means of prolonging the influence of medicines. It is used as a complex-formation reactant and stabilizer in paper chromatography for the separation of medicinal substances, in gas chromatographic columns for the analysis of steroids and some other multifunctional compounds and for the fractionation of mixtures of proteins.
Silicas with polyvinylpyrrolidone grafted in the surface layer are used as sorbents for biopolymer chromatography (Zubakova et al. 1987; Ivanov et al. 1989; Petro and Berek 1993) and for the synthesis of metal complex catalysts (Li and Jiang 1983) .
The most simple way for achieving the immobilization of PVP is physical adsorption of the polymer on a silicon dioxide surface (Ivanov et al. 1989) . Another method of modifying silica by the adsorption of polyvinylpyrrolidone is via radiation polymerization. Thus, polymerization of N-vinyl-2-pyrrolidone (VP) and its adsorption on to silica take place as a result of g-irradiation of the monomer when the latter is adsorbed on the silicon dioxide surface (Bruk 1987) . However, prolonged usage of sorbents with physically adsorbed PVP results in the desorption of the PVP from the surface. This leads to a significant decrease in the quality of the chromatographic separation of organic compounds (Petro and Berek 1993) and for this reason the stationary phase with chemically grafted PVP has the greatest usage at present.
Silicas with chemisorbed PVP are prepared as a result of the copolymerization of N-vinyl-2pyrrolidone (in the presence of a polymerization initiator) with vinyl (Zubakova et al. 1987; Korshak et al. 1979; Korolyova et al. 1991) or methacrylic (Kou et al. 1990 ) groups chemically bonded to the surface of the silicon dioxide. Thus, for example, silica is first modified by the use of vinyltrichlorosilane vapour (Korshak et al. 1979 The vinyl silica obtained was then treated with an aqueous solution of N-vinyl-2-pyrrolidone in the presence of 2,2¢-azobisisobutyronitrile:
Alternatively, chemically grafted PVP on a silica surface may be prepared via the solid-phase catalytic reaction or by thermal hydrosilylation. The latter reaction has been applied for the preparation of silicas with chemically grafted simple terminal olefins having different hydrocarbon chain lengths C 6 -C 18 (Sandoval and Pesek 1991; Varvarin et al. 1993; . It can also be used for the bonding of functional olefins, e.g. vinyltrimethylsilane, vinyltrichlorosilane, vinyl acetate, acetyl acetone (Belyakova et al. 1992 ) and acrylic acid (Belyakova and Varvarin 1996; Varvarin et al. 1996) . A hydrolytic and thermally stable Si-C bond between the silica surface and the grafting unsaturated compounds is formed as a result of solid-phase hydrosilylation.
In order to achieve the solid-phase hydrosilylation of olefins, the hydride silica was first prepared by, for example, the reaction of free silanol groups of silicon dioxide with trichlorosilane:
The addition of olefins to the surface of the hydride silica was then effected as in the following scheme:
The grafting of N-vinyl-2-pyrrolidone to a silicon dioxide surface through hydrosilylation can allow the preparation of new sorbents with N-vinyl-2-pyrrolidone groups in the surface layer. However, descriptions of such solid-phase hydrosilylation of N-vinyl-2-pyrrolidone are absent from the literature.
The current study covers the interaction of N-vinyl-2-pyrrolidone with a silica surface containing silicon hydride functional groups.
EXPERIMENTAL
A non-porous finely dispersed pyrogenic silica, Aerosil (S) with a specific surface area S sp = 300 m 2 /g (Kalush, Ukraine), was used as the starting material in the investigation, the Aerosil having been synthesized by the high-temperature hydrolysis of silicon tetrachloride vapour in a hydrogen/ oxygen flame:
Before modification, the silica was heated in air at 400ºC for 4 h to remove any possible organic impurities and hydrogen chloride.
To perform the solid-phase hydrosilylation of N-vinyl-2-pyrrolidone, two types of hydride silicas were used. The first type (HS-1) was prepared by the interaction of Aerosil with trichlorosilane. Thus, the pyrogenic silica was placed in an evacuated quartz cell fitted with CaF 2 windows to allow IR spectroscopic control of the chemical processes occurring in the surface layer of the silicon dioxide. The sample was then evacuated at 600ºC for 2 h and maintained in the saturated trichlorosilane vapour at 350ºC for 0.5 h (Low and Severdia 1982):
º Si-OH + Cl 3 SiH ® º Si-O-Si(Cl) 2 H + HCl Subsequently, the excess reagent and released hydrogen chloride were evacuated by pumping for 1 h at the same temperature.
The second type of hydride silica (HS-2) was prepared in a similar manner by interaction with methyldichlorosilane. In this case, the contact time of the pyrogenic silica with the silane was 2 h:
The synthesized hydride silicas were hydrolyzed (in the vacuum cell) by contact with saturated water vapour at room temperature for 24 h:
The hydrogen chloride formed as a result of the hydrolysis of the Si-Cl groups of the hydride silica was removed together with the excess water vapour by thermal evacuation at 300ºC for 2 h. Hydrolysis of the surface Si-Cl groups was undertaken to prevent the appearance of HCl and/or hydrochloric acid in the reaction volume. During the interaction of hydride silica with VP, the presence of hydrogen chloride and hydrochloric acid can promote side reactions, for example the acidic hydrolysis of surface Si-H groups. In addition, hydrochloric acid assists the hydrolysis of N-vinyl-2-pyrrolidone and in the presence of hydrogen chloride it undergoes dimerization (Sidel'kovskaya 1970) .
The results of the IR spectral analysis of the prepared hydride silicas and quantitative data regarding the grafted Si-H groups are presented in Table 1 .
Industrial grade trichlorosilane and methyldichlorosilane were used in the synthesis of the hydride silicas. Before use, the silanes were purified by distillation, the boiling temperatures of the purified silanes being 31.8ºC for trichlorosilane and 40.7ºC for methyldichlorosilane. N-Vinyl-2-pyrrolidone, C 6 H 9 NO (Aldrich, USA, purity 99%), was used without additional purification.
The IR spectra of compacted silica plates (mass 15-20 mg/cm 2 , compaction pressure, 5 × 10 7 Pa) were recorded by means of a double-beam infrared spectrophotometer IKS-29 (LOMO, Russia) over the frequency range 4000-1200 cm -1 . Thermal analysis of the modified silicas was performed using a Q-1500 D derivatograph (MOM, Hungary) and employing the same conditions for invest- The silicon hydride group content in the samples was determined by using alkaline hydrolysis and measuring the volume of hydrogen evolved (Kreshkov et al. 1962) :
Thus, a known weight of the hydride silica (0.2-0.4 g) was placed in a flask and treated with 10 ml of a 20% solution of KOH. The hydrogen formed was gathered above water in a graduated tube. The concentration of grafted silicon hydride groups on the silica surface was calculated using the formula:
where V 0 is the volume of hydrogen released corrected to normal conditions (ml), m is the batch size of the modified silica (g) and the factor 22.4 is the volume of hydrogen released from 1 g of hydride silica containing 1 mmol of Si-H groups (ml).
Modification of hydride silicas and initial (hydroxylated) silica with N-vinyl-2-pyrrolidone
The compacted silica plates (S, HS-1 or HS-2) were evacuated at 300ºC for 1 h, placed in a quartz test tube with N-vinyl-2-pyrrolidone (without solvent) and maintained at 22ºC, 100ºC, 150ºC or 200ºC for 3 h in an autoclave in order to study the interaction of VP with the surface of the starting silica -a necessary step for a more complete understanding of the processes involving the participation of N-vinyl-2-pyrrolidone in the surface layer of the hydride silica. The samples were then washed with benzene in a Soxhlet extractor for 5 h, it being established experimentally that N-vinyl-2-pyrrolidone physically adsorbed on to silica is completely desorbed during this time period. Thus, it was noted that after such washing the characteristic absorption bands of N-vinyl-2pyrrolidone were absent from the IR spectra of the silica samples. The silica plates which had been so modified were placed in the vacuum spectral cell and evacuated at 200ºC for 1 h.
The interaction of hydride silicas with N-vinyl-2-pyrrolidone in the presence of catalyst
The interaction of hydride silicas with VP in the presence of catalyst was performed at atmospheric pressure and at high solvent pressures.
Thus, the thermally evacuated plate of hydride silica (300ºC, 1 h) was placed in a laboratory glass reactor fitted with a reflux condenser. Then 5 ml of a 10% solution of N-vinyl-2-pyrrolidone in propan-2-ol and 0.05 ml of the Speier catalyst (a 0.1 N solution of hexachloroplatinic acid hexahydrate, H 2 PtCl 6 6H 2 O, in propan-2-ol) was added. The mixture was maintained at the boiling temperature of the solvent (82ºC) for 3 h. The hydride silica plate was then refluxed with propan-2-ol for 5 h in the Soxhlet apparatus. Following this treatment, the hydride silica plate modified by VP was placed in the quartz vacuum cell and evacuated at 300ºC for 1 h.
Interaction of the hydride silicas with VP at high pressure was performed as follows. The quartz cell containing 0.5 ml of N-vinyl-2-pyrrolidone, 5 ml of propan-2-ol, 0.05 ml of a 0.01 N solution of hexachloroplatinic acid in propan-2-ol and the compacted hydride silica plate was placed in a stainless steel autoclave. The autoclave was maintained in an electric oven for 3 h at 100ºC or 150ºC, after which the silica samples were removed and refluxed with isopropyl alcohol for 5 h in the Soxhlet apparatus, transferred to the quartz vacuum cell and evacuated for 1 h at 300ºC. The equilibrium pressure in the autoclave was equal to 2 × 10 5 Pa and 9 × 10 5 Pa at 100ºC and 150ºC, respectively, as determined with the aid of the empirical Antoine equation (Reid et al. 1977) :
ln P = A -B(T + C) -1
where P is the pressure (Torr), T is the temperature (K) and A, B and C are constants which are specific for each chemical compound.
RESULTS AND DISCUSSION

Liquid-phase modification of silica by N-vinyl-2-pyrrolidone in the absence of solvent and catalyst
Hydrosilylation did not occur when the hydride silicas HS-1 and HS-2 were placed in contact with N-vinyl-2-pyrrolidone at room temperature. This was demonstrated by the absence of the absorption bands of VP in the IR spectra of the hydride silicas. It was also noted that the intensities of the absorption bands for the Si-H groups in HS-1 and HS-2 remained unchanged (see data in Table 2 ).
However, the optical densities (D) of the absorption bands corresponding to the Si-H bonds decreased when the interaction temperature was increased. In addition, absorption bands which may be assigned to immobilized N-vinyl-2-pyrrolidone appeared in the IR spectra (Table 2) . Absorption bands corresponding to the valence vibrations of the =C-H and C=C bonds were not observed in the IR spectra, thereby demonstrating that hydrosilylation of VP occurs on the surface of the hydride silicas:
The degree of participation of the silicon hydride groups of HS-1 in the reaction with VP was higher than occurred with HS-2 (Table 2) . In other words, the Si-H groups of HS-1 are more active in the solid-phase hydrosilylation of N-vinyl-2-pyrrolidone than the silicon hydride groups of HS-2. Because the interaction of the hydride silicas with VP was performed in the absence of catalyst and solvent, the differences between their reactivity may be explained by the different inductive influences of the substituents at the silicon atom on the values of the effective charges on the silicon and hydrogen atoms involved in Si-H bonds. Substituents with a higher electron-acceptor ability attached to the silicon atom of HS-1 (two hydroxy groups instead of one methyl and one hydroxy group) increase the covalent component of the Si-H bond (Table 3 ) and increase the activity of the silicon hydride groups in N-vinyl-2-pyrrolidone hydrosilylation.
formed as a result of the contact between N-vinyl-2-pyrrolidone and hydroxylated Aerosil was mentioned by Pavlov and Bruk (1987) . In such surface complexes, the nitrogen and oxygen atoms of the lactam ring of N-vinyl-2-pyrrolidone interact with the hydroxy groups on the siica surface. Low and Severdia (1982) also observed a shift in the absorption band assigned to Si-H bonds towards the low-frequency region of the IR spectrum after contacting silica modified by trichlorosilane with ammonia, diethyl ether, methyl acetate and methanol vapours.
Interaction of the initial (hydroxylated) silica with N-vinyl-2-pyrrolidone in the temperature range 100-200ºC also resulted in the immobilization of VP in the surface layer of the silicon dioxide. This was established by the appearance of absorption bands in the IR spectrum which may be assigned to immobilized N-vinyl-2-pyrrolidone. The experimental results obtained and the fact that the thermal polymerization of N-vinyl-2-pyrrolidone commences at temperatures above 100ºC (Sidel'kovskaya 1970) lead to the following conclusion. The polymerization of VP, as indicated by the absence of absorption bands in the IR spectrum which may be assigned to =C-H and C=C bonds, and the strong adsorption of the resulting polyvinylpyrrolidone on the surface of silicon dioxide may be observed on contacting VP with the surface of hydroxylated silica at increased temperatures. The immobilization of VP on the surface of hydride silicas takes place as a result of both solid-phase thermal hydrosilylation and the adsorption of polyvinylpyrrolidone formed under the reaction conditions employed.
According to the thermal analysis data, the concentration of VP immobilized on the surface of the hydride silicas at 200ºC amounted to 1.13 and 0.78 mmol/g (per molecular mass of N-vinyl-2pyrrolidone) for HS-1 and HS-2, respectively. Having determined the quantity of Si-H groups participating in the thermal solid-phase hydrosilylation of VP (Table 2) , it was possible to calculate the content of polyvinylpyrrolidone formed as a result of the thermal polymerization of VP. The results obtained are listed in Table 4 .
Interaction of hydride silicas with N-vinyl-2-pyrrolidone in the presence of catalyst
The interaction of hydride silicas with N-vinyl-2-pyrrolidone was investigated in the presence of the Speier catalyst, since this is the most active catalyst for the hydrosilylation of unsaturated organic compounds (Musolf and Speier 1964) . The solid-phase catalytic hydrosilylation of VP in the presence of hydride silicas was conducted both at atmospheric and increased pressures.
The reaction was studied at atmospheric pressure for HS-1 since it has a higher reactivity than HS-2 in the hydrosilylation of VP. A decrease in the intensity of the absorption band at 2265 cm -1 which may be assigned to the silicon hydride groups was observed as a result of contacting HS-1 with VP in the presence of the Speier catalyst. However, bands corresponding to grafted VP were Indeed, absorption bands at 2985, 2950 and 2920 cm -1 , which correspond to the grafted isopropyl groups (Bellamy 1957) were recorded in the IR spectra.
Darkening of the hydride silica was observed after the interaction of HS-1 with VP in the presence of the Speier catalyst at atmospheric pressure. This is a result of the adsorption of fine metal platinum on the silica surface, the platinum having been reduced from the H 2 PtCl 6 solution by molecular hydrogen released as a result of esterification (or possibly acidic hydrolysis) of the silicon hydride groups.
Interaction of HS-1 with VP in the presence of catalyst at 100ºC (in an autoclave) resulted in almost complete disappearance of the absorption band corresponding to the Si-H groups. Absorption bands which could be assigned to N-vinyl-2-pyrrolidone were not observed in the IR spectrum. Thus, the catalytic hydrosilylation of VP did not occur under these conditions. Apparently, the silicon hydride groups of HS-1 only participate in esterification and possibly in hydrolysis.
In contrast, interaction of HS-2 with VP under the same conditions (100ºC, Speier catalyst) resulted in the chemical grafting of N-vinyl-2-pyrrolidone. The presence of a low-intensity absorption band at 1670 cm -1 in the IR spectrum may be taken as evidence for the valence vibrations of the C=O bond. It was also observed that the intensity of the absorption band at 2190 cm -1 decreased while absorption bands attributed to grafted isopropyl groups appeared in the 3000-2800 cm -1 region of the spectrum. Consequently, the decreasing content of silicon hydride groups may be connected not only with the solid-phase catalytic hydrosilylation of VP but also with the presence of side reactions. The degree of conversion of Si-H groups was equal to 35%, while the degree of participation of the Si-H groups of HS-2 in side reactions was equal to 24%. The latter was determined by means of a blank experiment involving the interaction of HS-2 with propan-2-ol and the Speier catalyst. Thus, a small quantity of N-vinyl-2-pyrrolidone (11%) is attached to the surface of HS-2.
Increasing the interaction temperature of VP with HS-2 up to 150ºC (by using an autoclave) resulted only in the generation of side reactions involving the Si-H groups of HS-2. In addition, the esterification of the silanol groups by propan-2-ol also occurred under these conditions. The intensity of the absorption band at 3750 cm -1 in the IR spectrum, which may be assigned to isolated silanol groups, decreased. Catalytic hydrosilylation of N-vinyl-2-pyrrolidone did not occur under these conditions. Thus, increasing reactivity of Si-H groups on the hydride silica surface and much more severe interaction conditions facilitate side reactions to a much greater degree than the principal catalytic solid-phase hydrosilylation reaction of N-vinyl-2-pyrrolidone.
